A B S T R A C T Rapid pull-through pressure profiles of the normal human upper esophageal sphincter (UES) were simultaneously studied with a conventional three-orifice Honeywell solid-state probe, an eight lumen radially perfused (RP) probe, and a circumferentially sensitive (CS) probe designed to measure UES pressure (UESP) without regard to probe orientation. Pressure curves were digitized and analyzed by computer. The Honeywell probe recorded significantly lower peak pressures than the other two methods, and had wide intrasubject pressure variations (average coefficient of variation, 53%). In contrast, UESP measured with the CS probe was constant for each subject (mean peak UESP, 121 mm Hg; average coefficient of variation, 15%). Anteroposterior RP probe UESP were identical to CS probe pressures. Thus, peak perfused anteroposterior UESP correlates with circumferentially measured sphincter squeeze.
A B S T R A C T Rapid pull-through pressure profiles of the normal human upper esophageal sphincter (UES) were simultaneously studied with a conventional three-orifice Honeywell solid-state probe, an eight lumen radially perfused (RP) probe, and a circumferentially sensitive (CS) probe designed to measure UES pressure (UESP) without regard to probe orientation. Pressure curves were digitized and analyzed by computer. The Honeywell probe recorded significantly lower peak pressures than the other two methods, and had wide intrasubject pressure variations (average coefficient of variation, 53%). In contrast, UESP measured with the CS probe was constant for each subject (mean peak UESP, 121 mm Hg; average coefficient of variation, 15%). Anteroposterior RP probe UESP were identical to CS probe pressures. Thus, peak perfused anteroposterior UESP correlates with circumferentially measured sphincter squeeze.
Computer programs were written that allowed RP probe pressures to be mapped in three dimensions. Normal three-dimensional maps were characterized by anteroposterior accentuation of peak pressures and also by consistent axial asymmetry with anterior peak pressures occurring 0.8±0.2 cm closer to the pharynx.
After defining the normal two-and three-dimensional UESP configuration, patients who had undergone laryngectomy were studied. Peak pressures measured with the RP probe decreased to -50 mm Hg and radial pressure asymmetry vanished. Like normals, CS probe pressures corresponded to peak RP probe pressures. UES length did not change significantly. Three-dimensional mapping showed that axial asymmetry also vanished. It therefore appears that the anatomic alterations produced by laryngectomy abolishes UESP asymmetry.
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INTRODUCTION
Upper esophageal sphincter pressure (UESP)l is radially asymmetric (1) . This asymmetry makes it difficult to define the normal range of pressures and confounds attempts to detect differences in disease states. It is not known whether this radial array of pressures actually reflects circumferentially variable sphincteral squeeze or whether some of the high pressures recorded with perfused systems are just measurement artifacts. To more precisely define UESP asymmetry and to relate it to conventional methods of measuring UESP, we assessed UESP profiles with two conventional manometric probes and compared these results to a device designed to be circumferentially sensitive to sphincteral squeeze. Data collection and analyses were done by computer, allowing three-dimensional display of pressures and precise definition of the asymmetric features of the normal UESP. We then studied patients with laryngectomy to assess the effect of cricoid cartilage removal on the UESP configuration.
METHODS
Presstsre measurintg devices. First, we used a 5.5-mm Diam Honevyell (HW) probe, Honeyvwell, Inc., Test Instruments Div., Denver, Colo. This probe is the highest fidelity conventional three-orifice probe available. It samples point pressure with three miniature strain gauges mounted in the wall of the probe. These miniature transducers are separated 1200 radially and are mounted 5 cm apart axially. This arrangement has been traditional for sampling esophageal pressures.
Second, we used a 6-mm Diam, eight lumen radially perfused (RP) polyvinyl probe whose side holes were all at the same level, thus samplinig circumferential pressures at 45°i ntervals. Fig. 1 UESP measured by the CS probe was far more precise with only a 15% CV measured for all subjects. The variability with the CS probe was significantly less than with the HW probe (P < 0.01). Mean peak UESP for all subjects was also significantly higher with the CS device (121 mm Hg) than with the HW probe (76 mm HG, P < 0.05).
The contour of the CS probe pressure profiles, but not th'e HW probe, was characteristic and reproducible for each subject, and was either unimodal or bimodal. Fig. 3 is an example of this uniformity in one subject. Because of this reproducible UESP profile, meaningful integration of the area under the curve was possible. This area, whose units are millimeters of mercury times centimeters, represents the total pressure barrier of the UES. In the 26 normal subjects, computerized UES length was 3.1+0.2 cm and UES area was 160+24 mm Hg-cm.
Upper sphincter pressure was also measured in 13 ofthese normal subjects with the eight lumen RP probe. We were therefore able to directly compare UESP measured with the RP probe with that measured with the CS probe. Fig. 4 shows comparison of the eight individual profiles on a single RP probe pull-through with that obtained immediately afterwards with the CS probe. Pressure fluctuations seen with the CS device correspond to changes in pressure seen in each of the ports of the RP probe. The CS probe's curves therefore appears to represent a composite profile of all eight RP probe withdrawal profiles, and allows'an overall assessment of the pressure barrier of the UES not possible by analyzing any one of the eight individual RP profiles. peak pressures, with the CV for each port varying from 17 to 23%. In Fig. 5 , the peak CS probe UESP is represented as a circle and corresponds exactly to the mean peak RP probe UESP in the anteroposterior plane. The RP probe data for each subject were then expanded into three dimensions with the aid of the computer. The eight individual RP profiles were digitized for all six pull-throughs in each of the 13 subjects. Each pull-through produced a three-dimensional pressure map of both the axial and radial asymmetry. Fig. 6 is a three-dimensional map of eight individual RP probe profiles obtained in one pull-through and is the same pull-through shown in Fig. 4 . To reveal the hidden side of the sphincter, the graphic representation was rotated 1800 on the sphincter's axis as is shown in the lower panel of centuation of pressures in the region of peak pressure.
In all subjects studied with the computerized threedimensional modeling, this prominent pressure bulge was 1 cm in width and occurred near the upper boundary of the UES. Furthermore, in all 13 subjects studied, the anterior peak ofthis bulge was closer to the pharynx than the posterior peak. Statistical comparison of the peak posterior pressure vs. the peak anterior pressure revealed that the anterior peak was located 0.8+0.2 cm nearer the pharynx compared to the posterior peak, a highly significant difference (P < 0.001). Thus, axial, as well as radial, asymmetry is a consistent feature of the human UES. Patients who underwent laryngectomy. Computer analysis of the CS and RP probe data from the 11 patients who had undergone total laryngectomy was done FiGuRE 6 Three-dimensional pressure profile of the normal UES. Notice the anteroposterior accentuation of pressure and the axial asymmetry with an orad shift of anterior pressures. In the lower panel, the graphic representation was rotated 1800 to reveal the hidden side of the sphincter.
to assess the effect of total laryngectomy on UESP asymmetry. Peak CS probe UESP in these patients was decreased to 51±8 mm Hg as compared to 121±14 in normals (P <0.01). Sphincter length was 3.5±0.6 mm Hg compared to 3.1±0.2 in normals (P <0.2), and pressure area was reduced to 80 mm Hg compared to 160±24 in normals (P < 0.01). Moreover, peak RP probe pressure maps were nearly circular, varying from 45 to 52 mm Hg in the eight directions, and corresponded closely to CS probe pressure of 51. Furthermore, these RP probe pressures were nearly identical to the lateral RP pressures found in the normals (Fig.  7) . In addition, three-dimensional mapping failed to reveal any consistent axial asymmetry. Fig. 8 changes in sphincteric tone in short-term studies. The possibility still exists that over longer time intervals cyclic changes in sphincteric pressures might exist. The average peak UESP of -120 mm Hg found in this study is undoubtedly higher than the UES squeezes in the absence of a catheter, as this high pressure would cause the mucosal surface to become ischemic. Thus, the "normal" values reported in this study apply only for a 6-mm catheter.
With the CS probe, the shape of the UESP withdrawal profiles appeared to be reproducible on each of the six pull-throughs for each subject studied and were composites of the eight 450 radially separated RP profiles (Figs. 3 and 4) . This finding allowed us to calculate the area under the CS probe's withdrawal profile. This area represents the total pressure barrier of the UES and takes into account the length ofthe sphincter as well as the peak pressure obtained. Meaningful calculation ofthe total pressure barrier with the RP data is much more difficult, because each of the eight RP profiles obtained on a single pull-through vary greatly in length, peak pressure, contour, and axial orientation. The concept that a long pressure barrier more effectively resists flow is not new. Alexander et al. (6) UESP axial asymmetry also disappears when the cricoid cartilage and other laryngeal structures are removed. There are several possible explanations for the disappearance of UES asymmetry postlaryngectomy, such as radiation injury, surgical denervation, narrowing or destruction of the sphincter. Another more reasonable hypothesis is that the sphincteric musculature, which attaches anteriorly to the cricoid cartilage, functions like the jaws of a vise. The anterior moveable jaw would be the cricoid cartilage and other laryngeal structures and the posterior, fixed jaw would be the sphincteric muscle applied to the cervical spine. The UES axial asymmetry implies that the "jaws" of the UES do not exactly oppose each other but rather are partially offset. Asoh and Goyal (7) have recently demonstrated UES axial asymmetry in the opossum. Interestingly, in this species the posterior, not the anterior, pressure peak is closer to the pharynx. Sophisticated computer analysis of RP motility tracings has allowed us to topographically map the complex asymmetric pressures of the UES in three dimensions. The eight simultaneous and seemingly discordant profiles obtained with one pull-through of the RP system have been shown to be part of a series of harmonious and smooth changes in pressure that are strikingly demonstrated by the three-dimensional computer mapping. This mapping technique graphically displays the radial and axial asymmetry of the human UES. We believe computer processing and displaying of the total family of pressures obtained in physiologic high pressure zones is an excellent way to study the sphincter's normal and pathological behavior. It appears premature to accept any single value for sphincter pressure, such as the CS probe produces, without extensive comparison with all the sphincteric pressures generated from the three-dimensional technique.
Our computer techniques may have additional applications in the measurement ofother biologic systems under pressure. Not only can three-dimensional pressure profiles be generated, but by using analog to digital convertors direct on line computer processing of pressure data is possible.
